Articles 528 | VOL.7 NO.7 | JULY 2010 | nAture methods large-scale sequencing projects have revealed an unexpected complexity in the origins, structures and functions of mammalian transcripts. many loci are known to produce overlapping coding and noncoding rnAs with capped 5′ ends that vary in size. methods to identify the 5′ ends of transcripts will facilitate the discovery of new promoters and 5′ ends derived from secondary capping events. such methods often require high input amounts of rnA not obtainable from highly refined samples such as tissue microdissections and subcellular fractions. therefore, we developed nano-cap analysis of gene expression (nanocAGe), a method that captures the 5′ ends of transcripts from as little as 10 ng of total rnA, and cAGescan, a mate-pair adaptation of nanocAGe that captures the transcript 5′ ends linked to a downstream region. Both of these methods allow further annotation-agnostic studies of the complex human transcriptome.
Such large-scale characterization of TSSs shows an unprecedented complexity of the transcriptome. In contrast to classic gene models, the emerging view suggests that most genes have multiple TSSs differing by multiple bases 4 and driven by various core promoters, and that newly capped 5′ ends can also be created posttranscriptionally 6 . Transcription can be initiated by promoters that are broad in shape, often associated with CpG islands, or by 'sharp' promoters, which are narrow in shape and are often associated with TATA boxes 4 . These promoter structures have functional implications, being associated with tissue specificity (as, for example, sharp promoters are), different exon use, translation initiation sites or classes of noncoding RNAs (ncRNAs). In the locus of a coding gene, transcription can start within and downstream of the open reading frame such as for the ncRNAs that can originate in genomic regions corresponding to the 3′ ends of protein-coding genes 4 . Additionally, the capped transcriptome includes ncRNAs that are associated with initiation and termination of transcription 6, 7 .
However, there are outstanding problems that could not yet be addressed with the existing technologies. CAGE requires a large quantity of starting material (~50 μg of total RNA) precluding TSS transcriptome analysis of small samples, such as analyses of homogeneous cells preparation after microdissection or samples derived from cellular subfractionation.
Furthermore, newly identified promoters must be assigned to gene models. Although CAGE can be used to identify new promoters, determining their connection to either downstream known gene structures or to independent new RNAs is limited to low-throughput gene-by-gene validations. RNA shotgun sequencing approaches (RNA-seq) have been unable to distinguish multiple 5′ ends of a given gene, identifying only their most extreme boundaries at best. This constrains the functional annotation of promoters, on which accurate inference of transcriptional regulatory networks depends 5 , and limits the study of ncRNAs to those overlapping known genes. Paired-end sequencing of fulllength complementary DNA, like the gene identification signature (GIS) ditag approach 8 , allows for the determination of TSSs and transcription termination sites in polyadenylated mRNAs but does not yield information on internal exons. Additionally, it requires large quantities of purified mRNAs.
Here we present nanoCAGE and CAGEscan technologies, which provide a genome-wide profiling of TSSs from small quantities of RNA and link them to the anatomy of transcribed RNAs. We carried out nanoCAGE with as little as 10 ng of total RNA, the equivalent of the RNA content of 1,000 cells. CAGEscan provided important insights on the complexity of the promotome-transcript structure, identifying among others, RNAs that originate from a given TSS but terminate in unrelated downstream genes. Our data also provide an estimate of RNA types that populate the various cell compartments, suggesting a nuclear role for intron-and intergenic region-derived RNAs as well as for retrotransposon elements and antisense RNAs.
results nanogram-scale rnA profiling with nanocAGe and cAGescan
The classic CAGE protocol comprises many biochemical processing steps 2, 9 , whereas nanoCAGE takes advantage of a peculiar property of reverse transcriptase, called template switching 10 , to select 5′ ends of capped transcripts. Template switching exploits the ability of the reverse transcriptase to extend the cDNA using the mRNA cap as a template: the resulting synthesized firststrand cDNA carries 1-3 cytosines that correspond to the cap structure 11, 12 . These cytosines hybridize to the riboguanine at the 3′ end of a template-switching oligonucleotide (Fig. 1a) . The reverse transcriptase extends cDNA polymerization using the template-switching oligonucleotide as template, providing extra 3′ sequence to the first-strand cDNA ( Fig. 1a) , which is used to prime second-strand cDNA synthesis. Although template switching has been observed for blunt DNA-RNA hybrids 10 , we found that its efficiency on capped RNAs is far greater, resulting in preferential capture of capped, full-length transcripts. Template switching does not require purification steps and thus avoids loss of material.
To target nonpolyadenylated (poly(A) − ) ncRNAs and RNAs whose 3′ end has been truncated during the isolation of specific cells from the tissue of interest, we developed conditions to allow random priming of the reverse-transcription reaction in combination with 5′ template switching. Owing to DNA-dependent polymerase activity of the reverse transcriptase, annealing of template-switching oligonucleotides and reverse-transcription primers to each other generated small artifactual DNA fragments that became the predominant PCR templates in subsequent steps, impairing the preparation of libraries (data not shown). The prevalence of these artifacts has, so far, precluded the development of random primer-based cap-switch methods for wholetranscriptome analysis with total RNA. To overcome this problem, we designed a 'semisuppressive PCR' method, in which the linkers at the 5′ and 3′ ends of the cDNA carry similar (but not identical) complementary sequences ( Fig. 1b and Supplementary Fig. 1 When polymerizing the cDNA of a capped mRNA, the reverse transcriptase adds extra cytosines that are complementary to the cap. Each 5′ fulllength cDNAs is extended upon hybridization of the riboguanosine-tailed template-switching oligonucleotides to these extra cytosines. m7G, RNA cap; N, any base; and X, complementary base to N. (b) In the semisuppressive PCR, the short templates fold intramolecularly and prevent the binding of primers which precludes amplification; longer molecules are less likely to fold and are thus amplified. Templates derived from reaction artifacts form stable homoduplexes, also precluding amplification. (c) Preparation of nanoCAGE tags. After template-switching, semisuppressive PCR and EcoP151 cleavage, 25-bp tags are ligated to barcode-containing oligonucleotide adaptors. After PCR amplification, the nanoCAGE tags are sequenced by synthesis. (d) Preparation of 5′-full-length cDNA libraries for paired-end sequencing with the CAGEscan protocol. Capped mRNAs capture is similar to that described in a. The ends of the amplified cDNA constructs are replaced in a PCR with adaptors for sequencing in the Illumina Genome Analyzer, which produces paired-end reads from single cDNAs. Line breaks indicate that mRNA and cDNA are much longer than adaptors.
Articles efficiently amplified during PCR. As a result, the majority of PCR products consist of long cDNAs properly flanked by the adaptor sequences present in the template-switching oligonucleotide and reverse-transcription primer, as they are the most efficiently amplified templates ( Fig. 1b) . Additionally, the removal of primer dimers by the semisuppressive PCR enables the use of template switching primer at concentrations as high as 10 μM. This maximizes the efficiency of template switching because the concentration of template-switching oligonucleotides is the reactionlimiting factor (data not shown). The ability to use random primers considerably extends the power of this technique because (i) poly(A) − transcripts constitute at least one-third of the transcriptome 13 , (ii) long polyadenylated RNAs are often damaged by ex vivo sample preparation, such as laser-capture microdissection of fixed tissues, and (iii) PCR amplification of oligo(dT)-primed cDNAs introduces strong size and representational biases regardless of potential RNA degradation.
Template-switching oligonucleotides and reverse-transcription primers used in the nanoCAGE protocol contain EcoP15I restriction sites 14 to systematically generate 25 base pair (bp) fragments corresponding to the 5′ end of the template-switched captured cDNAs, thus producing nanoCAGE tag libraries ( Fig. 1c) . Although this enzymatic cleavage might be dispensable when reading short reads with several second-generation sequencers, the standardization of tag length overcomes biases during the second-round PCR and simplifies DNA molar quantification and sequencing. Additionally, EcoP15I tagging allows the introduction of a DNA sequence 'barcode' at the 3′ end ( Fig. 1c) and thus pooling of different libraries before their sequencing, resulting in dramatic cost savings 15 .
We developed CAGEscan based on nanoCAGE but modified it to accommodate paired-end sequencing for TSS determination at 5′ ends coupled with 3′ end sequencing of cDNAs at random priming sites. Rather than cleaving the cDNAs, in CAGEscan we added adaptor sequences, allowing for paired-end sequencing in Illumina Genome Analyzers 16 (Fig. 1d) . Thus, CAGEscan yields collections of 3′-end read 'scanning' transcripts defined by their common 5′ end as obtained by sequencing of both the 5′ end and the 3′ end of the template-switched captured cDNAs. Yet, unlike nanoCAGE libraries that contain uniformly short sequences, CAGEscan libraries have a broader size range, including fragments longer than 1 kilobase (kb), which perform poorly on currently available second-generation sequencing platforms 17 . This problem is minimized by exclusively using highly concentrated random primers and commercial reverse transcriptases, which show little strand-displacement activity. Thus, CAGEscan sequencing templates are kept relatively short, regardless of the length of the original mRNA molecules.
Owing to the selectivity of the template switch for capped molecules, we used both protocols on total RNA, without ribosomal RNA depletion. Notably, the use of 3′ random primer allows the detection of poly(A) -ncRNAs 13 , which have been so far poorly characterized.
reproducibility, efficiency and precision of nanocAGe
To validate the reproducibility, the efficiency and the precision of nanoCAGE, we prepared libraries from serially diluted total RNA from cultured hepatocellular carcinoma cells (Hep G2) and compared them to reference TSS data.
We synthesized and sequenced two duplicate sets of nano-CAGE libraries from 10, 50, 250 and 1,250 ng of total RNA and sequenced them with an Illumina Genome Analyzer. We aligned the extracted tags to the human genome (US National Center for Biotechnology Information build 36.1) 18 . We clustered TSSs from all the libraries that were located less than 20 bp apart on the same genome strand 4 . Clusters separated by less than 400 bp were grouped in promoter regions 5 . We then compared expression, measured as number of tags per promoter region in a given library, for each pair of replicates with the same quantity of RNA. The Pearson correlation coefficients between replicates were 0.97, 0.96, 0.97 and 0.99 for 10, 50, 250 and 1,250 ng, respectively. Replicate sequencing depths were in some cases substantially different ( Supplementary Table 1 ), and we observed higher correlations for deeper sequenced libraries (0.99 for 1,250 ng replicates). We observed satisfactory reproducibility for all RNA concentrations tested. We then pooled the tags into virtual libraries for each RNA quantity and compared them with each other. Pearson correlation coefficients were 0.987-0.999 ( Supplementary Table 2) , showing similar snapshots of the transcriptome with tiny quantities of starting total RNA in the range of 10-1,250 ng.
A similar template-switching approach has been used with fragmented, uncapped RNA molecules 19 showing that template switching could also be used on uncapped 5′ ends. However, this protocol 19 required prior depletion of ribosomal RNA; otherwise reverse transcription of total RNA with random hexamers yielded 90-94% of ribosomal sequences 20 . In our hands, only 11% of Hep G2 nanoCAGE tags matched rRNA sequences, showing an eightfold reduction in noncapped rRNA content. This demonstrates the strong preference of template switching for capped over noncapped RNAs. To test capture efficiency of the 5′ ends of capped transcripts, we prepared nanoCAGE libraries from 100 ng of decapped, fragmented or both decapped and fragmented total RNA, and analyzed the distribution of tags mapping to Reference Sequence (RefSeq) transcript models 21 . In a library prepared with untreated RNA, 52% of tags mapped to first exons or proximal promoters in RefSeq (defined as 500 bp to RefSeq TSS) and 31% of tags detected potentially new promoters in intergenic regions ( Fig. 2a, Supplementary Fig. 2 and Supplementary Table 3 ). We noted that tags mapping to internal exons and 3′ untranslated regions (UTRs) (15% in total) could also derive from genuinely capped transcripts colocalized within the boundaries of longer transcripts referenced by RefSeq 4,6,9 . After RNA decapping, the proportion of tags matching the 5′ end of known transcripts was halved to 23%. After RNA fragmentation, this number dropped to 8.5%, suggesting that many uncapped RNA molecules are needed to compete with capped molecules. When we combined decapping and fragmentation, the preferential capture of 5′ ends was almost completely abolished, demonstrating that nanoCAGE distinguished capped ends from other 5′ ends and preferentially captured the 5′ end of capped transcripts. The semisuppressive PCR did not impair the detection of relatively short transcripts, as we detected expression for 78% of RefSeq transcripts (23,512/29,996) , including 44% (271/615) of the subset shorter than 250 bp. In that respect, NanoCAGE tag data detected more short transcripts than the FANTOM3 data, in which we observed only 5% (28/615) of the short RefSeq transcripts ( Supplementary  Table 1 ). Furthermore, the EcoP15I cleavage did not introduce any bias, as we found the CAGCAG EcoP151 restriction site in 81% of the detected transcripts for both the nanoCAGE and the FANTOM3 libraries, which were made with a different restriction enzyme, MmeI 1 (Supplementary Fig. 3) .
To test the precision of template switching in detecting TSSs, we compared promoters identified by nanoCAGE with those found using two different protocols for cap selection and for which Hep G2 libraries were available 4, 22 : Deep rapid amplification of cDNA ends (Deep-RACE) 22 , based on oligo-capping 23 , and CAGE 4 . The Deep-RACE data were limited to 18 different promoters in 17 loci 22 . As exemplified by histone cluster 1, H3 (HIST1H3C) data ( Fig. 2b) , the main TSS was the same in nanoCAGE and Deep-RACE or FANTOM3 CAGE data in four and seven cases, respectively. The HIST1H3C locus also exemplifies the ability of our random-primed approach to uncover TSSs of nonpolyadenylated transcripts (HIST1H3C RefSeq model lacks any 5′ UTR information). When allowing only 4-bp discrepancy between the TSS uncovered by each methodology, the results of nanoCAGE were in agreement with Deep-RACE and FANTOM3 CAGE results for 11 of 18 promoters ( Supplementary Table 4 ) and for 17 of 18 Deep-RACE-validated TSSs, respectively. The two alternative promoters of PPP2R4 uncovered by Deep-RACE and CAGE were also detected by nanoCAGE, and their relative expression was consistent between all three approaches (data not shown). To extend this result, we compared the location of all the promoters detected using the two genome-wide libraries, nanoCAGE and CAGE. Although a large number of promoters are broad in size 4 , for 66% of the promoters the distance between TSS detected by both techniques was less than 5 bp ( Supplementary Fig. 4 and Supplementary Table 5 ).
Even for cells grown in culture, starting material becomes a limiting factor when cellular subcompartments are selectively fractionated to explore specific RNA content. As part of the ENCODE (Encyclopedia of DNA Elements) project, attempts to produce CAGE libraries from nuclear RNA subfractions of the K562 myelogenous leukemia cell line (nucleolus, nucleoplasm, chromatinbound RNAs as well as polysomal poly(A) − RNA consisting mostly of rRNA) were unsuccessful owing to the paucity of mRNA (data not shown). Using nanoCAGE, we synthesized four libraries and sequenced 9.5-13.8 million tags for each of them. Compared to standard poly(A) − CAGE libraries, which we sequenced at the same depth, the complexity of detected 5′ ends was consistent between the two technologies for each cellular compartment (Supplementary Fig. 5 ). We also found differences in TSS specificity among different compartments (data not shown).
Promotome-transcriptome architecture using cAGescan
The functional importance of new 5′ ends is limited by the lack of information on the entire transcript. To better understand the structure of the transcripts associated with new TSSs and to better characterize the differences between nuclear and cytoplasmic transcriptomes, we prepared CAGEscan libraries in technical duplicates from four different Hep G2 cultures. First, we analyzed nuclear and cytoplasmic fractions either as total RNA or as a subfraction depleted of polyadenylated transcripts (Supplementary Table 1) .
We aligned CAGEscan mate-pair sequences to the human genome (NCBI build 36.1). The poly(A) − cytoplasmic, poly(A) − nuclear, total cytoplasmic and total nuclear fractions yielded together a total of 2,109,392 unique paired-end tags (Supple mentary Table 6 ). Each of these associated a TSS to a downstream sequence in a random location. Selecting mate pairs starting within 50 bp of RefSeq transcripts' TSSs and using their intronexon structure, we estimated the length of the RNA from which mate pairs were derived. The resulting median length was 449 bp (first and third quartile, 304 and 693 bp; Supplementary Fig. 6 ). In comparison, the median length of RefSeq transcript models is 2,422 bp (first and third quartile, 1,509 and 3,799 bp), suggesting the majority of RNA polymerase II transcripts are competent to produce CAGEscan mate pairs, although CAGEscan is not optimal to map 3′ ends of transcripts.
CAGEscan allows the association of TSSs detected by CAGE to otherwise orphan intergenic, intron or 3′ UTR regions. We annotated mate pairs with respect to RefSeq transcript models 21 complemented with a proximal promoter, defined as the region comprising the 500 bp directly upstream of their 5′ end. This showed that an average of 4.24% of the transcripts matched RefSeq transcripts, with 1.85% of them being strictly consistent with current gene models (that is, starting within RefSeq transcript promoter or 5′ UTR exon and ending in a RefSeq exon) and the rest likely representing alternative mRNA splice forms and ncRNAs. These were located antisense of RefSeq transcripts, within their introns or in intergenic regions. Furthermore, the latter represented 87.5% of the total signal ( Fig. 3 and Supplementary Table 7) . 
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We observed specific differences between subcellular fractions and between the poly(A) − and total RNA (dominated by poly(A) + molecules). Paired-end tags starting and ending within RefSeq promoters or 5′ UTRs were twice more prevalent than mate pairs ending in any RefSeq exons in the poly(A) − libraries than the total RNA libraries. Those may corresponded in part to promoterassociated long and short RNAs 7 . Nuclear fractions showed more paired-end tags starting and ending in intergenic and intronic regions than cytoplasmic fractions (Fig. 3a) . By preparing 12 additional cytoplasmic and nuclear CAGEscan libraries from six HepG2 independent biological replicates, we confirmed higher abundance of intronic ( Fig. 3b ) and intergenic transcripts in nuclear fractions (P = 0.019 and P = 0.004, respectively; paired Student's t-test).
To better reconstruct transcript models, we grouped paired-end tags with overlapping 5′ ends into CAGEscan clusters (Fig. 4a) . Alignment patterns of the corresponding 3′ end tags on the genome recapitulated the potential structure of the transcript resulting from a common promoter. By pooling the poly(A) − cytoplasmic, poly(A) − nuclear, total cytoplasmic and total nuclear fractions libraries, we obtained 854,849 distinct CAGEscan clusters, with an average of 2.47 reads per cluster. Clustered independently, the cytoplasmic libraries produced in technical duplicates yielded 72,666-34,822 clusters (with 3.5 ± 0.6 reads per cluster) and the corresponding nuclear libraries yielded 309,682-147,963 clusters (with 1.6 ± 0.3 reads per cluster). Nine percent of the CAGEscan clusters (all libraries pooled) started upstream of the TSS of RefSeq transcripts; of these 9%, 76.5% reached into the 3′ UTR or into downstream intergenic region, associating a promoter to a 3′ UTR for 11,131 RefSeq transcripts. We obtained comparable results (9.5% ± 2.65 and 80% ± 11, respectively) when considering the four libraries separately (Supplementary Table 6 ). The region surrounding the FTL gene, for which the complete RefSeq model is tiled with paired-end sequences, illustrates such 5′ mate-pair driven clustering (Fig. 4b) . We observed subcellular compartment-specific antisense expression, with most of these antisense CAGEscan clusters ending close to the FTL promoter ( Fig. 4b and  Supplementary Fig. 7) . A total of 37,818 clusters were antisense to 9,638 RefSeq transcripts ( Supplementary Table 6 ). Antisense RNAs were generally more prevalent in the nuclear fractions.
By aligning mate pairs to all exon-exon junction combinations of each transcript, we uncovered 8,462 splice junctions linked to Articles 11, 964 TSSs. This also revealed the existence of 312 exon-skipping events among 297 independent transcripts. Furthermore, clustering of paired-end tags uncovered 1,569 CAGEscan clusters that initiated within the 5′ UTR of a given transcript and reached into the next downstream independent gene model in 1,198 pairs of distinct consecutive transcripts. Pervasive and regulated transcription of retrotransposon elements have been observed in total RNA extracts using CAGE 24 . Using CAGEscan, we observed that expressed retrotransposon elements are more abundant in the nuclear RNA fractions than in the cytoplasmic ones. Globally, long and short interspersed nuclear elements (LINEs and SINEs) were the most highly expressed retrotransposon elements in HepG2, followed by long terminal repeats (LTRs). All three were strongly over-represented in the nuclear poly(A) − fraction (Fig. 5a-c) . As expected, signal recognition particle RNA (srpRNA) repeats were enriched in the cytoplasmic compartment (Fig. 5d) .
discussion
The simplicity of nanoCAGE and CAGEscan combined with decreasing sequencing cost opens the possibility for a truly highthroughput library production of pooled, multiplexed libraries followed by parallel sequencing, with applications ranging from drug screening, biopsy analysis and whole-transcriptome association studies. We expect nanoCAGE to become the technique of choice for analyzing microdissected samples in experimental biology and molecular pathology. Identification of new 5′ ends that are compartment-specific demonstrates the need and usefulness of nanoCAGE. As an added advantage, the fixed-length tags generated by nanoCAGE can easily be turned into concatemers that will be advantageous when sequenced with long-read high-throughput sequencers. By linking TSSs to downstream sequences, CAGEscan provides insights into the architecture of transcripts and thus into their possible functions. Although the ability to fully scan the 3′ end of long transcripts is now limited by the paired-end read length range that can be simultaneously sequenced, we believe that further development of sequencing technology Articles will overcome this limitation. CAGEscan profoundly differs from traditional inferences based on gene models such as RefSeq, which does not grasp the complexity of the transcriptional landscape. CAGEscan analysis is data driven and hypothesis free, which allowed us to find ncRNAs, evidence of transcriptional readthrough between neighboring loci and new forms of proteincoding genes. The expression level of CAGEscan promoters is indicated by the frequency of the 5′ read of the mate pairs. CAGEscan offers a unique perspective into the relations of ncRNAs to the neighboring genomic or transcriptomic elements. Such transcription maps will be instrumental in identifying the functions of new ncRNAs that overlap regulatory regions and are likely to regulate transcription 25 or processing and recapping of RNAs 26 . online methods nanoCAGE templateswitching reverse transcription. We first mixed total RNA with 2 μl of 0.66 M d-threalose (Nacalai Tesque), 3.3 M d-sorbitol (Wako), 100 μM of template switching oligonucleotide, 10 μM of random reverse-transcription primer with a random pentadecamer tail 27 (all the primer sequences are listed in Supplementary Table 8 ) or 10 μM of polythymidine reversetranscription primer and reduced the solution volume to 2 μl in a centrifugal evaporator at room temperature (22-30 °C) . We then heat denatured the mixture at 65 °C for 10 min in a thermocycler (MWG) and transferred it quickly on an ice-water mix. Reverse transcription was accomplished in a volume of 10 μl with the following components: 1.25× first-strand buffer (Invitrogen), 650 μM dNTPs (TaKaRa), 1.3 mM DTT (Invitrogen), 925 mM betaine 28 (Wako) and 200 units of SuperScript II (Invitrogen), and the reaction was incubated at 22 °C for 10 min, 50 °C for 30 min, 75 °C for 15 min in a thermocycler. Finally, we immediately transferred the tube on an ice-water mix.
nanoCAGE secondstrand synthesis and semisuppressive amplifi cation. We performed a small-scale semisuppressive PCR to evaluate the optimal number of cycles necessary for second-strand synthesis, defined as the last cycle before the intensity of the product ceases to increase. Every two cycles we collected 10 μl aliquots and analyzed them on 1% agarose gel. For each cDNA preparation, we amplified 2 μl of first strand cDNA in reactions of 100 μl using a mixture containing 1× ExTaq Buffer (TaKaRa), 200 μM dNTPs, 100 nM forward PCR primer, 100 nM reverse PCR primer and 5 units of ExTaq (TaKaRa) with the following thermocycling program: 5 min 95 °C, n × (10 s at 95 °C, 15 s at 65 °C, 2 min at 68 °C) and using hot start. We then amplified the remaining volumes of cDNAs (6 μl each) in 4 reactions of 100 μl with the chosen number of cycles. We finally pooled and cleaned the PCR products using CTAB and GE Healthcare GFX purification columns 29 .
nanoCAGE tag cleavage and adaptor ligation. We digested 45 μl of cDNA in 100 μl using 100 units of EcoP15I (NEB), 1× buffer 3 (NEB), 1 mM ATP (NEB) and 100 ng μl -1 BSA (NEB), and incubated it at 37 °C for 4 h. We chose EcoP15I for tag generation, as it was reported to cut 25 to 27 bases downstream its binding site 14 . Also, its nonpalindromic DNA binding site strongly reduces the potential formation of primer dimers in the PCR subsequent steps. We mixed the reactions with 130 μl of TE buffer and purified the low-molecular-weight cleavage products using Microcon YM-100 membranes (Millipore) centrifuged for 15 min at 500g. We then refilled the columns with 130 μl of TE buffer and centrifuged them for 15 min at 500g. We concentrated the flow-through using Microcon YM-10 (Millipore) centrifuged for 20 min at 12,000g. We recovered the low-molecular-weight cleavage products by an additional centrifugation for 3 min at 1,000g after flipping the cartridges. We mixed equimolar amounts of the two ligation adaptors oligonucleotides, heated them in a thermocycler at 95 °C and left them to cool to room temperature. We ligated 1 pmol of adaptors to 10 μl of the EcoP15I cleavage products in 20 μl of 0.5× Mighty DNA ligation mixture (TaKaRa) overnight at 16 °C in a thermocycler with lid heater (MWG).
nanoCAGE tag amplification and purification. We determined the optimal number of cycles for the ligation product to be amplified by PCR with 5 μM of forward PCR primer, 5 μM of reverse PCR primer, 1× ExTaq buffer (TaKaRa), 200 μM dNTPs (TaKaRa) and 5 units of ExTaq (TaKaRa). The program was 5 min 95 °C, n(10 s at 95 °C, 10 s at 68 °C). We performed three PCRs in 100 μl for each sample. We digested the excess of the primers with 5 units of exonuclease I (TaKaRa) at 37 °C for 30 min and then heat inactivated the enzyme at 55 °C for 15 min. We purified the PCR products by electrophoresis on 8% polyacrylamide gel, cut the band corresponding to the expected size (114 bp) and passed it through a syringe to break the structure of polyacrylamide. We extracted the DNA at room temperature in a microtube by rotation with 800 μl of 1× TE buffer overnight. We centrigfuged the tubes at maximum speed for 10 min and collected the supernatant. We added 600 μl of 1× TE buffer to the microtube and let rotate at room temperature for 1 h. We repeat this step a second time. Then, we pooled all the collected fractions for each sample and eliminated residual traces of polyacrylamide using a Microspin filter (GE Healthcare). We concentrated 2 ml of filtrate to 100 μl using a Microcon YM-10 column (Millipore). We estimated the purity and the concentration of the sample using a ND-100 NanoDrop UV spectrophotometer (Thermo Fisher Scientific) and Agilent 2100 Bioanalyzer and analyzed an aliquot of 10 μl of sample by PAGE to check for the correct size of the recovered DNA.
CAGEscan reversetranscription. We reverse transcribed each RNA sample as described in the nanoCAGE protocol but with the following modifications. The template-switching oligonucleotide sequence ( Supplementary Table 8 ) included a DNA barcode of three or six bases 15 and riboguanosines). The random part of the reverse-transcription primer was shortened to compensate for the increased length of the tail. We used SuperScript III (Invitrogen) or PrimeScript (TaKaRa) instead of SuperScript II. In our experience, PrimeScript was the most cap specific for template-switching and accordingly yielded a lower amount of amplifiable cDNAs. We cleaned first-strand cDNA using Agencourt RNAClean XP kit (Beckman) following the manufacturer's instructions.
CAGEscan cDNA amplification. We synthesized the secondstrand cDNA and the resulting product by semisuppressive PCR. We determined the optimal number of cycles in pilot reactions using quantitative PCR: we purified 1.2 μl of 30 μl first-strand cDNA and amplified it in a total volume of 20 μl using a mixture containing 1× SYBR Premix Ex Taq (TaKaRa), 100 nM semisuppressive forward primer and 100 nM semisuppressive reverse primer in a StepOne Real-Time PCR system (Applied Biosystems). The thermal cycling program was: 5 min 95 °C and 40 × (15 s at 95 °C, 10 s at 65 °C, 2 min at 68 °C). We then performed a large-scale hot-start PCR with 3 μl of purified first-strand cDNA as template in a final volume of 50 μl using a reaction mixture containing 1.25 U TaKaRa Ex Taq HS (TaKaRa), 200 μM each dNTP mixture (TaKaRa), 1× Ex Taq buffer (TaKaRa), 100 nM semisuppressive forward primer and 100 nM semisuppressive reverse primer with the following thermal cycling program: 5 min 95 °C and n × (15 s at 95 °C, 10 s at 65 °C, 2 min at 68 °C). We cleaned the amplified DNA Agencourt AMPure XP kit (Beckman). We checked the purity of the recovered DNA by 1% agarose gel electrophoresis (SeaKem GTG Agarose; Cambrex).
(BWA). We used TopHat 34 to align against all the possible exonexon junctions of each RefSeq transcript tag (including those from nonconsecutive exons, allowing the uncovering of exon-skipping events) that failed initial BWA genomic alignment. We only kept paired-end tags mapping to the genome but not to the ribosomal DNA (GenBank: U13369). We employed the default BWA parameters at the exception of the maximum edit distance, set to two, and the maximum allowed paired-sequence distance, which was set to 100 kb. We only considered properly paired alignments in further analysis. We counted as unique entity mate pairs with identical mapping to the genome, as they are likely to originate from the same random priming event.
We loaded CAGEscan paired-end read alignments to the human genome into a dedicated EdgeExpressDB instance 35 . We clustered the paired-end reads and analyzed their distribution with respect to RefSeq 21 and repeat elements annotations 36 using the Perl objectoriented Edge Express DB application programming interface (EEDB API) 35 , complemented by a few additional dedicated functions.
We plotted the annotation matrix displaying the connections between genomic annotations of the CAGEscan paired-end tags and histograms using vcd R library mosaicplot and histogram functions. In the version of this article initially published, the concentration of the PCR primers for CAGEscan cDNA amplification and CAGEscan cDNA sequencing were erroneously given as millimolar instead of nanomolar. The error has been corrected in the HTML and PDF versions of the article.
